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SUPPLEMENTARY NOTES

ABSTRACT
The JAGUAR EXP-6 parameters of formic acid were originally optimized by minimizing the difference of experimental detonation velocities to predicted Chapman-Jouguet (C-J) detonation velocities for pentaerythrite tetranitrate (PETN), and were later modified to reproduce experimental overdriven detonation pressures. The resulting parameters are employed in the JAGUAR computer program, which uses direct minimization of free energy to calculate chemical equilibrium for dissociated detonation product species of explosives. JAGUAR was subsequently demonstrated to provide accurate detonation properties for wide ranges of conditions including the C-J state, overdriven detonation, and at seven volume expansions for nearly ideal H-C-N-0 based explosives. This work focuses on predicting formic acid thermodynamic properties, including the Hugoniot behavior using experimental data and molecular dynamics modeling. Both the molecular dynamics calculations and experimental data were used to parameterize new sets of EXP-6 potential parameters for use with the extended JCZ3 JAGUAR equation of state. This provides a means for comparison of predicted detonation properties using either the empirically-derived or theoretically-based formic acid potential parameters. Comparisons with C-J Data for Explosives 7
Conclusions 9
INTRODUCTION
Thermodynamic equations of state for explosives products that are accurate for a wide ranges of specific volumes, including overdriven and expansion regions, are required for the accurate continuum modeling of high explosive systems. Traditionally, thermochemical equations of state, such as the BKW and JCZ3 relationships, do not result in sufficiently accurate detonation properties for the required volume range. In order to improve the accuracy of calculated detonation properties of explosives and of the resulting thermodynamic equations of state, research studies were previously conducted. Variable metric optimization routines were used for the optimization of the JCZ3 EXP-6 potential parameters for H-C-N-0 explosive product species. The JCZ3 equation of state is of the form
where PoiV.rij) denotes the limiting lattice pressure, and G{V,T,ni) accounts for the thermal contribution of the intermolecular forces. Expressions for the calculation of P 0 and G are as follows:
The variables E 0 and / depend on the parameters e/k, r*, and / of the Exp-6 potential function. In JAGUAR, the parameters of the mixture are calculated from the combining rules: 
0)
The compressibility factor, O, the residual chemical potential, r h and the residual energy, e, are calculated from the JCZ3 equation of state by these procedures.
JAGUAR FORMIC ACID PARAMETERS
NLQPEB variable metric optimization routines (ref. 3) were used for the optimization of the JCZ3 EXP-6 potential parameters for H-C-N-0 explosive product species with available Hugoniot pressure-density data. Close agreement with the Hugoniot data resulted for most of the species considered. For the parameterization of detonation products which dissociate at elevated temperatures and pressures, the U.S. Army Armament Research, Development and Engineering Center (ARDEC), Picatinny Arsenal, New Jersey variable metric optimization routines were applied to determine the equilibrium composition of the reacting system at each Hugoniot condition.
Previous studies have used experimental information for explosives to establish EXP-6 parameter for formic acid, due to a lack of data. The potential parameters initially used in the JAGUAR library for formic acid (r* =4.125, s/k = 462.5, / =13.5), were determined to produce agreement with the experimental detonation velocities of PETN for initial densities in the range 1.26 to 1.77 g/cm 3 (ref. 5) . The JAGUAR procedures with these parameters were found to enable the highly accurate calculation of the detonation properties of near ideal explosives for a wide range of volumes, covering the dilute expansion region, C-J state, and overdriven conditions to about 0.5 Mbar. In order to obtain improved agreement for highly overdriven conditions to 1 Mbar, the EXP-6 parameters of formic acid were subsequently revised (ref. _l N (10) where N is the number of experimental points, P exp is the experimental Hugoniot pressure, and P calc is the pressure calculated with the JAGUAR procedures using the optimized library parameters for the other explosive products. With the optimized parameters r*= 4.265, e/k = 538.85, and / =11.30, the objective function was substantially lower than for the original formic acid parameters. The optimized parameters of formic acid also resulted in substantially improved agreement with the experimental speed of sound values of Fritz et al. (1996) . The optimized formic acid parameters were also found to result in good agreement between JAGUAR values and experimental overdriven Hugoniot data for other explosives, including PETN, TNT, COMP-B, and PBX-9404.
Values of C-J velocities calculated with the JAGUAR Exp-6 libraries were also compared for 47 C-H-N-0 explosives (ref. 6). With the original formic acid parameters, the overall error was 1.63%, while the optimized parameters from overdriven Hugoniot data resulted in an overall average error of 1.68%. For both parameter sets, cylinder energies at 6.5 volume expansions calculated with JAGUAR agreed withiin 2% from the corresponding values otained from empirical JWL relationships for a number of explosives. Similarly, calculated cylinder velocities at 7 area expansions were within 1% of experimental values by both procedures.
HUGONIOT VALUES FOR FORMIC ACID
As part of the new joint Army Research Laboratory (ARL)/ARDEC Software Application Institute for Multi-Scale Reactive Modeling (MSRM) work, the behavior and effect of formic acid is being investigated. In this study, the EXP-6 parameters for formic acid were re-evaluated by the use of experimental and theoretical information for the individual molecule. figure 1 , the calculated Hugoniot pressures with the JAGUAR EXP-6 parameters r* = 4.265, e/k = 538.85, and / =11.30 agree with the experimental values for pressures to about 25 GPa, while the calculated pressures are lower than the data at higher pressures. With these parameters, previously established to obtain optimum agreement with experimental C-J velocities and overdriven pressures, JAGUAR indicates that formic acid is almost completely dissociated into products, including water, carbon dioxide, and carbon at low pressures, while un-dissociated formic acid is the major product for pressures above 30 GPa. Similar Hugoniot values and decomposition resulted with the original JAGUAR parameters determined from C-J data for PETN.
The formic acid Hugoniot data reported by Trunin et al (ref. 8) were used to determine optimum formic acid EXP-6 parameters for the JCZ3 equation of state by the NLQPEB nonlinear optimization procedures. The objective function minimized is equation 10, the sum of the squares of the differences between calculated and experimental pressures at each volume. The optimum parameters obtained in this manner are e/k = 547.65, r* = 4.115, / = 13.85. In figure  1 , these formic acid parameters are seen to result in closer agreement with the experimental Hugoniot pressures than for the previous JAGUAR parameters. With the new parameters, JAGUAR still predicts the formation of substantial amounts of formic acid in the equilibrium products at elevated pressures. with V 0 = 1.22 cm 3 /g, n = 6.65, and K = 0.613 (GPa)" 1 . Equation 11 was used in this study to calculate Hugoniot values for un-dissociated liquid formic acid. For the molar heat capacity of the liquid, a linear relationship in temperature was also used. As shown in figure 2 , the P-V variation of Hugoniot values with these temperature independent Murnaghan parameters is quite consistent with the experimental Hugoniot data and is similar to those calculated by the molecular dynamic procedure.
The corresponding Hugoniot temperatures for formic acid liquid are shown in figure 3 . It can be seen that for a Hugoniot pressure of about 0.6 GPa, the calculated temperature is above the critical temperature of formic acid (580 K). At 10 GPa, the calculated temperature assuming a liquid phase is above 4000 K. Therefore, these results strongly indicate that at elevated pressures on the Hugoniot curve formic acid is gaseous, and its behavior should be represented by an equation of state with possible dissociation to reaction products. The study of Montgomery et al. (ref. 10) indicates that formic acid can also dissociate in the liquid phase at elevated pressures. Figure 3 Predicted Hugoniots temperature as a function of pressure for formic acid
HUGONIOT TEMPERATURES FORMIC ACID LIQUID
COMPARISONS WITH C-J DATA FOR EXPLOSIVES
Experimental C-J values for PETN for initial densities 1.263 to 1.77 g/cm 3 were compared with calculated values from JAGUAR with varying Exp-6 parameters for formic acid. The results are summarized in table 1. The current JAGUAR formic acid parameters result in an average absolute deviation of 1.16%. These parameters were determined previously by optimization of overdriven Hugoniot pressures and C-J values for several explosives. With the set determined by directly optimizing experimental C-J values, the average deviation is 0.69%. Parameters determined recently by optimizing agreement with formic acid experimental Hugoniot data result in higher deviations for the C-J values (2.21%). The errors are also large for C-J velocities calculated with parameters optimized for agreement with the molecular dynamics calculated Hugoniot values for un-dissociated formic acid. The various parameter sets are included in table 1. In addition, for 47 C-H-N-0 explosives considered previously (ref. 6), the average absolute error in C-J velocities from table 2 is 1.66% for the current JAGUAR parameters, 1.87% with the parameters resulting from experimental Hugoniot data, and 3.33% for the parameters for un-dissociated formic acid. Both the current JAGUAR parameters and those optimized with C-J data (table 2) result in agreement with Hugoniot data at moderate pressures, but produce larger deviations at high pressures. The experimental Hugoniot data shows considerable scatter. In particular, this provides considerable uncertainty at high pressures. Additionally, the JAGUAR calculations indicate disassociation for pure formic acid in the high pressure region, which introduces more uncertainty. 
